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SUMMARY 
An i n v e s t i g a t i o n  was conducted t o  examine t h e  f r i c t i o n  and wear behav io r  
of  i r o n  and n i c k e l  s l i d i n g  on aluminum o x i d e  i n  ae ra ted  s u l f u r i c  a c i d  and 
h y d r o c h l o r i c  a c i d .  The r e s u l t s  i n d i c a t e  t h a t  t h e  c o n c e n t r a t i o n  o f  a c i d  i s  an 
i m p o r t a n t  f a c t o r  i n  c o n t r o l l i n g  t h e  meta l  loss caused by wear -cor ros ion  pro-  
cesses i n  t h e  a c i d s .  A t  v e r y  d i l u t e  a c i d  c o n c e n t r a t i o n  N ) ,  i r o n  behaves 
d l f f e r e n t l y  t han  n i c k e l .  I r o n  develops a soft, f r i a b l e  d e p o s i t ,  w h i l e  n i c k e l  
develops no c o r r o s i o n  l a y e r .  The f o r m a t i o n  and removal o f  t h e  c o r r o s i o n  
d e p o s i t  on i r o n  r e s u l t e d  i n  h i g h  meta l  l o s s  and c o e f f i c i e n t  o f  f r i c t i o n ,  as 
compared to  t h e  r e l a t i v e l y  low meta l  loss and c o e f f i c i e n t  o f  f r i c t i o n  observed 
f o r  n i c k e l .  A t  s l i g h t l y  h i g h e r  a c i d  c o n c e n t r a t i o n  and 10-2 N ) ,  no c o r r o -  
4 s i o n  p roduc ts  were  produced on bo th  i r o n  and n i c k e l .  Wear o f  i r o n  and n i c k e l  
4 was g e n e r a l l y  a t  a minimum. A t  h i g h e r  a c i d  c o n c e n t r a t i o n  (10-1 N and above), 
3 loss o f  i r o n  and n i c k e l  i nc reased  as t h e  a c i d  c o n c e n t r a t i o n  inc reased.  I n  s u l -  
I f u r i c  a c i d  t h e  maximum l o s s  of b o t h  i r o n  and n i c k e l  was a t  7 .5  N (30  pe rcen t )  
c o n c e n t r a t i o n ,  and t h e  meta l  losses  o f  b o t h  i r o n  and n i c k e l  dropped marked ly  
a t  15 N (50 p e r c e n t )  and above. I n  h y d r o c h l o r i c  a c i d ,  however, t h e  i r o n  l o s s  
con t inued  to  inc rease  w i t h  t h e  i nc rease  of a c i d  c o n c e n t r a t i o n ,  and t h e  maximum 
i r o n  l o s s  occu r red  i n  t h e  most concen t ra ted  a c i d  (12.1 N, 37 p e r c e n t ) .  There 
were v a r i a t i o n s  i n  l o s s  w i t h  n i c k e l  from specimen t o  specimen examined i n  con- 
c e n t r a t e d  h y d r o c h l o r i c  a c i d s  (10- l  N and above). The c o e f f i c i e n t  o f  f r i c t i o n  
. for i r o n  decreased w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  b o t h  a c i d s .  The c o e f f i -  
c i e n t  o f  f r i c t i o n  for  n i c k e l  i nc reased  s l i g h t l y  w i t h  an i n c r e a s e  i n  a c i d  
c o n c e n t r a t i o n  up t o  N .  When c o r r o s i o n  s t a r t e d  t o  dominate i n  t h e  wear- 
c o r r o s i o n  process,  t h e  c o e f f i c i e n t  of f r i c t i o n  decreased i n  b o t h  s u l f u r i c  and 





Cor ros ion  and wear o f  aerospace bear ings  a r e  s e r i o u s ,  expens ive ,  and major  
problems ( r e f s .  1 to  3 ) .  Bear ings  tend  t o  f a i l  a t  random i n t e r v a l s  from c o r r o -  
s ion ,  con taminat ion ,  wear, or h a n d l i n g  damage l o n g  before f a t i g u e  i n i t i a t e s  
s p a l l i n g .  
from t h e i r  a i r c r a f t  sys tems,  i n c l u d i n g  d r i v e l i n e s ,  wheels, and accesso r ies  a t  
a U.S. Naval A i r  Rework F a c i l i t y  ( r e f .  2 ) .  A i r  Force exper ience  a l s o  con f i rms  
c o r r o s i o n  t o  be a major  cause of r e j e c t i o n  o f  a i r c r a f t  t u r b i n e  eng ine  bear ings  
( r e f .  3 ) .  
Cor ros ion  accounts for n e a r l y  o n e - t h i r d  of t h e  b e a r i n g  r e j e c t i o n s  
*Emer i tus Professor. 
Cryogenic turbopump bearings in current and future rocket engines, such 
as the space shuttle main engine, also require the use of much improved corro- 
sion and wear resistant bearings without a tradeoff in material durability 
(ref. 1). 
Considerable work is being conducted on the development of new alloys, 
surface modification techniques (such as ion implantation and coatings), and 
corrosion-inhibited lubricants which will extend the operating life of a bear- 
ing closer to its ultimate fatigue capability.3 Most of these studies have 
been concerned with specific practical problems. Although several attempts 
have been made to study the basic mechanisms governing triboelectrochemical 
effects on the wear-corrosion phenomena of metals, its role is not well 
understood (refs. 4 and 5 ) .  
The sapphire flats were single-crystal aluminum oxide. ‘The sulfuric acid 
was ACS reagent-grade concentrated acid, which is specified to be 95.5 to 
96.5 percent acid by weight; it is referred to herein as 96 percent. The 
hydrochloric acid was ACS reagent grade concentrated acid (37 percent HC1 by 
weight). The water used by itself in the experiments and used in making the 
solutions was deionized, distilled, and subsequently saturated with air at 
room temperature. 
In the sliding, rolling, or rubbing contact of materials the surfaces 
become strained as a result of the mechanical activity that takes place. A 
wear surface is different electrochemically from its surroundings. It con- 
tains metal that is highly strained and that reaches high temperatures locally 
at shearing points or asperities (refs. 6 and 7). Electrochemical potentials 
may be established locally to either impede or enhance corrosion; cyclic 
stresses may promote stress corrosion and corrosive fatigue (ref. 8). 
Resistance to corrosion is often the result of the formation of some type 
of film on the metal. Sliding action can destroy such films, or it can develop 
better corrosion-resistant films by producing new surfaces. The coefficient 
of friction is, like corrosion resistance, highly sensitive to surface films. 
The objective of this paper is to examine the interfacial friction and 
wear of elemental iron and nickel exposed to sulfuric acid and hydrochloric 
acid in water at various concentrations as well as to water. Their surface 
chemistry and morphology were examined by x-ray photoelectron spectroscopy 
( X P S ) ,  optical microscopy, and scanning electron microscopy (SEMI. Aluminum 
oxide (sapphire) has been considered for use in contact with iron and nickel, 
because it has greater wear and corrosion-resistance than metels. 
publications on this research are given in references 9 to 14. 
Some earlier 
MATERIALS 
The iron used in this investigation was better than 99.99 percent pure 
and was annealed to a hardness of 30 to 35 Rockwell B after machining. 




I '  
l 
e 
The apparatus used i n  t h i s  i n v e s t i g a t i o n  i s  shown s c h e m a t i c a l l y  i n  
f i g u r e s  1 and 2.  The specimen r i d e r  was made t o  t r a v e r s e  a d i s t a n c e  o f  10 mm 
on the  su r face  o f  t h e  aluminum o x l d e  f l a t .  Mo t ion  was r e c i p r o c a l .  The r i d e r  
was loaded a g a i n s t  t h e  f l a t  w i t h  a dead we igh t .  
con ta ined  s t r a i n  gauges t o  measure t h e  t a n g e n t i a l  f o r c e  ( i . e . ,  f r i c t i o n  f o r c e ) .  
The e n t i r e  apparatus was housed i n  a p l a s t i c  box. 
The arm r e t a i n i n g  t h e  r i d e r  
EXPERIMENTAL PROCEDURE 
Hemispher ica l  t i p s  (3.2 mm r a d i i )  o f  t h e  i r o n  and n i c k e l  r i d e r s  were p o l -  
F i n a l  p o l i s h i n g  was conducted w i t h  a i shed  w i t h  6- and 3-pm diamond pas te .  
w e t  m e t a l l o g r a p h i c  p o l i s h i n g  c l o t h  impregnated w i t h  0.3-pm alpha-aluminum 
o x i d e .  
t i o n .  A f te rward ,  t h e  p o l i s h e d  r i d e r s  were r i n s e d  w i t h  a b s o l u t e  e t h y l  a l c o h o l ,  
u s i n g  a c o t t o n  swab to  h e l p  remove t h e  p o l i s h i n g  powder. 
The r i d e r  specimens w e r e  r o t a t e d  i n  a l a t h e  f o r  t h e  p o l i s h i n g  opera- 
The aluminum o x i d e  f l a t s  p laced  i n  t h e i r  cups ( f i g .  2 )  were mounted i n  
t h e  j i g .  The i r o n  or n i c k e l  r i d e r s  were lowered t o  a f e w  m i l l i m e t e r s  above 
t h e  f l a t s ,  and a l i gnmen ts  were checked. Then t h e  a c i d  or water  was dropped 
i n t o  t h e  cups to  cover  t h e  f l a t s  t o  t h e  p roper  depth .  T h e r e a f t e r ,  t h e  r i d e r s  
were lowered u n t i l  t h e  t i p s  j u s t  con tac ted  t h e  f l a t  su r faces .  The we igh t  was 
then loaded o n t o  t h e  r i d e r  and s l i d i n g  begun. Under an a p p l i e d  l o a d  t h e  f r i c -  
t i o n  f o r c e  was sensed by t h e  s t r a i n  gauges and c o n t i n u o u s l y  mon i to red  d u r i n g  a 
wear exper iment .  A l l  t h e  c o e f f i c i e n t s  o f  f r i c t i o n  r e p o r t e d  i n  t h i s  paper a re  
k i n e t i c  va lues .  A l l  t h e  wear exper iments  were conducted w i t h  t h e  i r o n  and 
n i c k e l  r i d e r s  i n  s l i d i n g  c o n t a c t  w i t h  t h e  aluminum o x i d e  f l a t s  a t  1.5 mm/sec 
a t  a l o a d  o f  2.5 N i n  l a b o r a t o r y  a i r  a t  room tempera ture .  
conducted for  60 min .  Thus, t h e  r i d e r  passed o v e r  t h e  t r a c k  540 t imes (270 
t i m e s  each way i n  r e c i p r o c a l  mot ion)  d u r i n g  an exper iment .  
Each exper iment  was 
The amount o f  meta l  l o s t  i n  wear was de termined by measur ing t h e  s i z e  o f  
t h e  wear spo t  (wear s c a r )  on t h e  t i p  a f t e r  an exper iment .  
photographed a t  a nominal m a g n i f i c a t i o n  of 100. 
wear spot ,  o c c u r r e d  i n  t h e  d i r e c t i o n  o f  motion, and t h e  minimum l e n g t h  o f  t h e  
wear spot  were measured on t h e  pho tog raph ic  p r i n t .  
t r u e  s i z e  u s i n g  t h e  c o r r e c t  m a g n i f i c a t i o n  as de termined by c a l i b r a t i o n .  Then 
t h e  amount o f  meta l  t h a t  would have been removed w i t h  a c i r c u l a r  s p o t  o f  the  
minimum l e n g t h  o f  t h e  observed spo t  was c a l c u l a t e d .  The same c a l c u l a t i o n  was 
made asssuming t h a t  t he  wear spot  had a d iamete r  equal  t o  i t s  l o n g e r  dimen- 
s i o n .  The two volumes were averaged t o  g i v e  an e s t i m a t e  o f  t h e  amount o f  meta 
los t  d u r i n g  t h e  exper iment .  The volumes were c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  
( r e f .  15) :  
The wear spo t  was 
The maximum l e n g t h  o f  t h e  
These were conver ted  t o  
L J 
where 
R r a d i u s  o f  t h e  hemispher i ca l  r i d e r  
r r a d i u s  o f  t h e  c i r c u l a r  spo t  
3 
RESULTS AND DISCUSSION 
S u l f u r i c  A c i d  
F r i c t i o n  and wear exper iments  were conducted w i t h  i r o n  and n i c k e l  r i d e r s  
i n  c o n t a c t  w i t h  aluminum o x i d e  f l a t s  i n  ae ra ted  s u l f u r i c  a c i d  w i t h  concentra-  
t i o n s  r a n g i n g  from d i l u t e  (7x10-5 N, 4 ppm) t o  concen t ra ted  (35.6 N ,  96 per -  
c e n t )  a t  a l oad  o f  2 .5  N f o r  60 min .  I n  d i l u t e  s o l u t i o n s ,  pH i s  an i n v e r s e  
f u n c t i o n  o f  hydrogen i o n  c o n c e n t r a t i o n ,  so i n c r e a s i n g l y  low or n e g a t i v e  pH i s  
assoc ia ted  w i t h  s u l f u r i c  a c i d  up to  about  30 p e r c e n t  a c i d  ( r e f s .  1 1  t o  13) .  
A t  h i g h e r  c o n c e n t r a t i o n s ,  t h e  hydrogen i o n  c o n c e n t r a t i o n  decreases, w h i l e  pH 
increases  aga in .  
- Iron. - I t  i s  w e l l  known t h a t  i r o n  u s u a l l y  cor rodes  r a p i d l y  i n  n o n o x i d i z -  
i n g  a c i d s .  However, i f  t h e  o x i d a t i o n  i s  s t r o n g  enough, t h e  i r o n  s u r f a c e  may 
become pass i va ted  by a p r o t e c t i v e  o x i d e  l a y e r .  
s u l f u r i c  a c i d  i s  c o n s i s t e n t  w i t h  t h i s  g e n e r a l i t y  ( r e f .  13) .  
C o r r o s i o n  behav io r  o f  i r on  i n  
F i g u r e  3 p resen ts  t h e  f r i c t i o n  and wear d a t a  f o r  i r o n  r i d e r s  i n  c o n t a c t  
w i t h  aluminum o x i d e  f l a t s  i n  a e r a t e d  s u l f u r i c  a c i d .  A t  t h e  v e r y  d i l u t e  s u l -  
f u r i c  a c i d  c o n c e n t r a t l o n s  o f  7x10-5 t o  Z X ~ O - ~  N ( 4  t o  12 ppm), b o t h  f r i c t i o n  
and wear were h i g h l y  v a r i a b l e  ( f i g .  3 ) .  I n  t h e  v e r y  d i l u t e  a c i d ,  a complex 
s u r f a c e  d e p o s i t  formed on the  s u r f a c e  o f  i r o n .  I t  i s  recogn ized  as a m i x t u r e  
o f  d i v a l e n t  and t r i v a l e n t  i r o n  hyd rox ides ,  i r o n  o x i d e s ,  i r o n  oxyhydrox ides  
( r e f s .  16 t o  20). There was a l s o  x- ray p h o t o e l e c t r o n  s p e c t r o s c o p i c  ev idence 
t h a t  i r o n  s u l f a t e  was p a r t  of t h e  b u i l t - u p  l a y e r  ( r e f .  9 ) .  T h i s  d e p o s i t  was 
weak and f r i a b l e  and was n o t  a p r o t e c t i v e ,  p a s s i v a t i n g  f i l m .  A t h i c k  ox ida -  
t i o n  p r o d u c t  formed i n  t h e  wear a rea  was c racked e x t e n s i v e l y  by  i n t e r f a c i a l  
s l i d i n g  a c t i o n .  
appeared as wear d e b r i s .  
o x y h y d r o x i d e - s u l f a t e  d e p o s i t  gave e r r a t i c  and o f t e n  r e l a t i v e l y  h i g h  f r i c t i o n  
and g r e a t  loss o f  i r o n  i n  t h e  wear a rea .  The b u i l d - u p  o f  t h e  c o r r o s i o n  
p r o d u c t  was n o t  o n l y  l i m i t e d  t o  t h e  wear a rea ,  b u t  a l s o  o c c u r r e d  i n  t h e  r e g i o n  
w e l l  o u t s i d e  the  wear a rea  ( r e f .  13) .  
A t  s l i g h t l y  h i g h e r  s u l f u r i c  a c i d  c o n c e n t r a t i o n s  (10-3 t o  10-1 N, 0.005 t o  
0.5 p e r c e n t ) ,  t h e  loss o f  meta l  i n  t h e  wear a rea  was a t  a minimum, and t h e r e  
was l i t t l e  ev idence o f  b u i l d - u p  o f  c o r r o s i o n  p roduc ts  on t h e  wear a r e a  and o u t -  
s i d e  i t ,  when t h e y  were examined by  u s i n g  o p t i c a l  and scann ing  e l e c t r o n  mic ros-  
copy. The scanning e l e c t r o n  photomicrographs o f  t h e  i r o n  r i d e r s  r e v e a l e d  
g r a i n  boundary e t c h i n g  o u t s i d e  t h e  wear a rea  ( r e f .  13) .  
Some of t h e  d e p o s i t  b roke  away from t h e  wear a rea  and 
Thus, f o r m a t i o n  and f a i l u r e  o f  t h e  hydrox ide-ox ide-  
When pH i s  h i g h  enough a t  some h i g h  c o n c e n t r a t i o n s  (60 t o  96 p e r c e n t ) ,  an 
o x i d e  f i l m  con t inuous  enough t o  p a s s i v a t e  t h e  i r on  w i l l  n o t  r e a d i l y  d i s s o l v e .  
Below 60 pe rcen t  s u l f u r i c  a c i d ,  t h e  c o r r o s i o n  r a t e s  o f  i r o n  a r e  r e l a t i v e l y  
h i g h .  The p u b l i s h e d  r e s u l t s  o f  i r o n  c o r r o s i o n  r a t e s  a t  25 and 50 p e r c e n t  s u l -  
f u r i c  a c i d  a r e  ove r  a thousand t imes  t h a t  a t  75 p e r c e n t  ( r e f .  19) .  
Meta l  losses  i n  t h e  wear a rea  i nc reased  s h a r p l y  from t h e  v a l u e  a t  1.0 N 
( 5  pe rcen t )  a c i d  t o  a maximum a t  7 . 5  N (30 p e r c e n t )  a c i d  ( f i g .  3 ) .  The maxi- 
mum meta l  loss occu r red  w i t h  i r o n  i n  7 .5  N (30 p e r c e n t )  s u l f u r i c  a c i d .  The 
g r e a t  meta l  loss a t  7 .5  N s u l f u r i c  a c i d  i s  due t o  t h e  known h i g h  c o r r o s i o n  
r a t e  o f  i r o n  ( r e f .  16 ) .  However, t h i s  e f f e c t  dropped marked ly  i n  15 N (50 pe r -  
c e n t )  s u l f u r i c  a c i d  b u t  n o t  t o  t h e  v e r y  low va lue  i n  t h e  d i l u t e  (10-3 t o  
4 
10-1 N) acids. The high corrosion rate still greatly affects the metal losses 
during wear experiments at 23 (75 percent) and 35.6 N (96 percent) acid. The 
relatively high metal losses at high concentrations of acid (50 to 96 percent) 
suggested that sliding action removed the passivating film and established a 
galvanic cell between the wear area and 1 ts surroundings. 
There were no significant differences between the appearance of wear 
areas and surrounding areas for sulfuric acid concentrations ranging from 
1.0 N to 35.6 N ( 5  to 96 percent). 
the wear area where plastic flow caused by sliding action tends t o  smear the 
surface. But corrosion did not produce faceted corrosion patterns as in the 
wear areas of nickel corroded under similar conditions, as will be described 
later. However, the iron surface outside the wear area indicated a faceted, 
rapid corrosion pattern. 
Grain boundary etching occurred even in 
The coefficient of friction gradually decreased with increasing the acid 
concentration (fig. 3(b>>. 
Nickel. - Table 1 shows the published corrosion rates of nickel in aerat- 
ed sulfuric acid over most of the concentration range (ref. 21). 
Figure 4 presents the friction and wear data for nickel riders in contact 
with aluminum oxide flats in aerated sulfuric acids. The lowest loss of 
nickel Induced by the wear-corrosion process occurred at lom4 N (5 ppm), which 
is the most dilute acid examined. Scanning electron microscopic examination 
of the wear scar indicated that the nickel was not attacked by this dilute 
acid in the wear area or outside (ref. 12). Furthermore, no corrosion product 
formed on the wear surface. 
while the coefficient of friction was a little higher. However, optical and 
scanning electron microscopic examination revealed that the wear scar and some 
of its surroundings are different from those at N acid (ref. 12). 
Although there was little evidence of bulld-up of corrosion products and corro- 
sion pattern in the wear area, corrosion patterns resulting from fluid erosion- 
corrosion action were observed just outside the wear scar in the direction of 
the reciprocal sliding motion. Note that this erosion-corrosion effect was 
not observed well outside the wear scar (100 pm or more). The surface well 
outside the wear scar has an uncorroded structure. 
nantly lost by mechanical wear rather than corrosion i n  the dilute 10-4 to 
In 10-3 and lo-* N sulfuric acid the metal loss was as low as at 10-4 N, 
Thus, metal was predomi- 
N sulfuric acid. 
For the sulfuric acid concentration of 10-1 N, the amount o f  metal lost 
in the wear-corrosion process was three times the loss in the dilute acid at 
loe2 N or less. Scanning electron microscopic examination revealed uneven sur- 
face structures of the wear scar: one was smooth, and the other was irregular 
and faceted due to corrosion. It might be anticipated from this examination 
that much more active corrosion could occur at 1.0 N or more concentrated acid. . 
In 1.0 N (5 percent) sulfuric acid metal loss in the wear scar was 7 or 8 
times greater than the loss in N or less. Optical and scanning electron 
microscopic examination indicated that corrosion of nickel inside the wear 
area was rapid enough to give a strongly faceted corrosion surface, while that 
outside the wear area was low. The great difference i n  corrosion rates inside 
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and o u t s i d e  t h e  wear scar  i s  caused by  t h e  wear-induced removal o f  a p ro tec -  
t i v e  s u r f a c e  f i l m  produced on t h e  n i c k e l  and t h e  es tab l i shmen t  o f  a g a l v a n i c  
c e l l  between the  wear sca r  and i t s  sur round ings .  The wear scar  became t h e  
anode where n i c k e l  r a p i d l y  d i s s o l v e d  and los t ;  t h e  sur round ings  became t h e  
cathode and were n o t  co r roded  g r e a t l y .  
The amount o f  meta l  l o s t  i n  t h e  wear area,  which had s t a r t e d  t o  r i s e  a t  
Between 7.5 and 1 5  N (30  and 
approx ima te l y  10-1 N ( 0 . 5  p e r c e n t )  s u l f u r i c  a c i d ,  con t i nued  t o  inc rease  as the  
c o n c e n t r a t i o n  i nc reased  t o  7.5 N (30  p e r c e n t ) .  
50 pe rcen t )  a c i d  c o n c e n t r a t i o n ,  meta l  l o s t  i n  t h e  wear a rea  dropped t o  
30x10-5 mm3, which i s  n o t  much d i f f e r e n t  from t h e  2 6 ~ 1 0 - ~  mm3 observed for 
10-1 N (0 .5  p e r c e n t ) .  
c e n t r a t i o n  t h e  wear d rop  ed f u r t h e r ,  b u t  d i d  n o t  reach t h e  low va lues  i n  t h e  
d i l u t e  a c i d  a t  10-5, and N c o n c e n t r a t i o n s .  
A t  21, 25, and 35.5 N (65, 75, and 96 pe rcen t )  a c i d  con- 
Scanning e l e c t r o n  m i c r o s c o p i c  examina t ion  i n d i c a t e d  b o t h  s t r o n g l y  face ted  
c o r r o s i o n  a rea  and r e l a t i v e l y  smooth worn areas developed i n  t h e  i n t e r i o r  of 
t h e  wear scar  a t  7 .5 and 15 N (30  and 50 p e r c e n t )  a c i d  c o n c e n t r a t i o n .  There 
was, however, g r e a t e r  c o r r o s i o n  a t t a c k  i n s i d e  t h e  wear a rea  a t  7 .5  N (30 per -  
c e n t )  a c i d  c o n c e n t r a t i o n  than  t h a t  a t  15 N (50  p e r c e n t ) .  Thus, c o r r o s i o n  has 
g r e a t l y  enhanced o v e r a l l  d e t e r i o r a t i o n ;  l i k e w i s e ,  wear g r e a t l y  enhanced the  
c o r r o s i o n  i n  t h e  s u l f u r i c  a c i d  a t  10-1 to  7.5 N (0 .5  t o  30 p e r c e n t )  a c i d  
c o n c e n t r a t i o n .  
A r e l a t i v e l y  smooth worn s u r f a c e  was observed by  o p t i c a l  and scanning 
e l e c t r o n  m ic roscop ic  examina t ion  th roughou t  the  wear sca r  a t  21 t o  35.5 N 
(65 to  96 p e r c e n t )  a c i d  c o n c e n t r a t i o n s  ( r e f .  12) .  There were 90 rough,  h i g h l y  
cor roded areas i n  t h e  wear sca r .  I t  appeared t h a t  p a s s i v a t i o n  or p o l a r i z a t i o n  
l a y e r s  a r e  b e i n g  formed on n i c k e l  a lmos t  as f a s t  as t h e y  can be worn away. 
Thus, t h e  p a s s i v a t i n g  f i l m s  were formed f a s t  enough t o  p r o t e c t  even wear areas 
i n  t h e  s u l f u r i c  a c i d s  a t  21, 25, and 35.5 N (65, 75, and 96 p e r c e n t )  
c o n c e n t r a t i o n s .  
The c o e f f i c i e n t  o f  f r i c t i o n  was s l i g h t l y  i nc reased  w i t h  i n c r e a s i n g  t h e  
a c i d  c o n c e n t r a t i o n  t o  N .  When c o r r o s i o n  dominated i n  t h e  wear -cor ros ion  
process ,  t h e  c o e f f i c i e n t  o f  f r i c t i o n  s t a r t e d  to  decrease i n  t h e  s u l f u r i c  a c i d  
a t  10-1 N and above. 
H y d r o c h l o r i c  A c i d  
F r i c t i o n  and wear exper iments  were conducted w i t h  i r o n  and n i c k e l  r i d e r s  
i n  c o n t a c t  w i t h  aluminum o x i d e  f l a t s  i n  a e r a t e d  h y d r o c h l o r i c  a c i d  w i t h  concen- 
t r a t i o n s  r a n g i n g  from d i l u t e  N ,  0.0004 p e r c e n t )  t o  f u l l y  concen t ra ted  
(12.1 N ,  37 p e r c e n t )  f o r  i r o n  and t o  h i g h l y  concen t ra ted  (6 N ,  20 pe rcen t )  f o r  
n i c k e l  a t  a l o a d  o f  2.5 N for  60 min .  
- I r o n .  - F i g u r e  5 p resen ts  t h e  f r i c t i o n  and 
c o n t a c t  w i t h  aluminum o x i d e  f l a t s  i n  a e r a t e d  hy  
scanning e l e c t r o n  m ic roscop ic  examina t ion  revea  
t i o n  p roduc ts  i n  t h e  wear scar  o f  i r o n  r i d e r  i n  
wear d a t a  f o r  i r o n  r i d e r s  i n  
r o c h l o r i c  a c i d .  O p t i c a l  and 
ed a t h i c k  bu i l d -up  o f  ox ida -  
t h e  most d i l u t e  a c i d  N ) .  
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The wear and c o e f f i c i e n t  o f  f r i c t i o n  I n  t h e  d i l u t e  h y d r o c h l o r i c  a c i d  a t  N 
c o n c e n t r a t i o n  were s l i g h t l y  h i g h e r  than  those i n  water  or i n  N a c i d ,  j u s t  
as they  were i n  t h e  d i l u t e  s u l f u r i c  a c i d  d e s c r i b e d  e a r l i e r .  The h i g h e r  f r i c -  
t i o n  and wear a r e  caused by t h e  b u i l d - u p  and break-up o f  o x i d a t i o n  p roduc ts  on 
t h e  su r face  of  i r o n  r i d e r s .  Thus, i r o n  develops a complex c o r r o s i o n  p roduc t  
l a y e r  ove r  the  e n t i r e  immersed su r face ,  p a r t i c u l a r l y  t h i c k  i n  t h e  wear scar  o f  
t h e  i r o n  r i d e r  i n  t h e  most d i l u t e  a c i d .  Th is  d e p o s i t  was weak and f r i a b l e  and 
was n o t  a p r o t e c t i v e ,  p a s s i v a t i n g  f i l m .  Some o f  t h e  d e p o s i t s  were cracked by 
i n t e r f a c i a l  s l i d i n g  a c t i o n  and broke away from t h e  wear scar  and appeared as 
wear d e b r i s .  
A t  10-3 N h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n ,  t h e  wear and c o e f f i c i e n t  of 
f r i c t i o n  were lowered.  There was l i t t l e  meta l  l o s s  from c o r r o s i o n ,  and t h e  
c o r r o s i o n  p roduc t  was n o t  formed on t h e  i r o n  r i d e r .  The meta l  l osses  were 
e s s e n t i a l l y  caused by mechanica l  wear. 
t i o n ,  t h e  wear a rea  has become susceptab le  to  c o r r o s i o n .  O p t i c a l  and scanning 
e l e c t r o n  m ic rog raph ic  examina t ion  i n d i c a t e d  t h a t  t h e  h i g h e r  t h e  h y d r o c h l o r i c  
a c i d  c o n c e n t r a t i o n ,  t h e  g r e a t e r  t h e  c o r r o s i o n  o f  i r o n  observed.  Meta l  loss 
increased p r o g r e s s i v e l y  w i t h  i n c r e a s i n g  a c i d  c o n c e n t r a t i o n  i n  agreement w i t h  
t h e  scanning e l e c t r o n  m i c r o s c o p i c  o b s e r v a t i o n  and t h e  l i t e r a t u r e  on  s t a t i c  co r -  
r o s i o n  ( r e f .  19) .  The maximum meta l  loss o c c u r r e d  i n  t h e  most concen t ra ted  
12.1 N (37 p e r c e n t )  a c i d .  
Between and 12.1 N (0.04 and 37 p e r c e n t )  h y d r o c h l o r i c  a c i d  concent ra -  
f i g u r e  6 p resen ts  an o p t i c a l  photomicrograph and scann ing  e l e c t r o n  photo- 
micrographs o f  a wear sca r ,  genera ted  by  t h e  wear -co r ros ion  process  i n  the  
most concen t ra ted  h y d r o c h l o r i c  a c i d  (12 .1  N, 37 p e r c e n t ) .  I t  becomes obv ious  
from f i g u r e  6(a)  t h a t  i r o n  was h e a v i l y  cor roded o v e r  t h e  r e g i o n  o u t s i d e  t h e  
wear sca r .  I r o n  c o r r o s i o n  I s  predominant  i n  t h e  d a r k  areas o f  t h e  wear sca r .  
These l a t t e r  areas a r e  areas where i r o n  was h e a v i l y  and deep ly  cor roded.  On 
t h e  o t h e r  hand, mechanica l  wear o f  i r o n  i s  e v i d e n t  and predominant  i n  t h e  
l i g h t  a rea  of t h e  wear s c a r .  Th i s  i s  t h e  a rea  where t h e  su r faces  o f  i r o n  and 
aluminum o x i d e  were m e c h a n i c a l l y  i n t e r a c t i n g  t o g e t h e r .  
D e t a i l s  o f  t h e  da rk  and l i g h t  areas i n  t h e  wear scar  and of t h e  r e g i o n s  
o u t s i d e  t h e  wear scar  a re  p resen ted  i n  f i g u r e s  6 ( b >  t o  ( d ) .  r e s p e c t i v e l y .  F ig-  
u r e  6(b)  r e v e a l s  the  r e l a t i v e l y  rough and cor roded f r a c t u r e  su r faces  i n  t h e  
wear sca r .  Shear f r a c t u r e  o c c u r r e d  a t  v e r y  l o c a l  areas i n  t h e  i r o n  d u r i n g  
repeated  s l i d i n g .  The f r a c t u r e  sur faces were then  cor roded.  The r e g i o n s  o u t -  
s i d e  t h e  wear scar  p resen ted  i n  f i g u r e s  6 ( c )  and ( d >  r e v e a l  ev idence o f  exten-  
s i v e  c o r r o s i o n .  F i g u r e  6(d)  i n d i c a t e s  t h e  c o m p a r a t i v e l y  smooth c o r r o s i o n  
p a t t e r n s  o f  i r o n  produced by c o r r o s i o n  a l o n g  w i t h  a f r a c t u r e - p i t  genera ted  
mechan ica l l y .  
The c o e f f i c i e n t  o f  f r i c t i o n  g r a d u a l l y  decreased w i t h  i n c r e a s i n g  a c i d  
c o n c e n t r a t i o n  ( f i g .  5 ( b > > .  
N i c k e l .  - F i g u r e  7 p r e s e n t s  t h e  f r i c t i o n  and wear d a t a  for  n i c k e l  r i d e r s  
i n  c o n t a c t  w i t h  aluminum o x i d e  f l a t s  i n  aea ra ted  h y d r o c h l o r i c  a c i d .  A t  t he  
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low a c i d  c o n c e n t r a t i o n  o f  N, t h e r e  i s  an anomalous ly  h i g h  wear and co r ro -  
s i o n  l o s s  of n i c k e l  which has n o t  been exp la ined .  
The meta l  l o s s e s  i n  10-3 and N h y d r o c h l o r i c  a c i d  were r e l a t i v e l y  
low. Scanning e l e c t r o n  m ic roscop ic  examina t ion  o f  t h e  n i c k e l  r i d e r  worn i n  
10-3 N h y d r o c h l o r i c  a c i d  i n d i c a t e d  t h a t  t h e  wear a rea  was v e r y  smooth. N e i -  
t h e r  t h e  wear a rea  nor  t h e  r e g i o n  o u t s i d e  t h e  wear scar  show any ev idence of 
c o r r o s i o n .  Thus, c o r r o s i o n  d i d  n o t  c o n t r i b u t e  t o  wear loss i n  wa te r  and i n  
t h e  d i l u t e  h y d r o c h l o r i c  a c i d s  o f  t o  N. 
A t  h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n s  r a n g i n g  from 10-1 t o  12.1 N (0.4 t o  
20 p e r c e n t ) ,  meta l  l osses  became v e r y  e r r a t i c  from specimen t o  specimen, as 
p resented  i n  f i g u r e  7 .  I n  a d d i t i o n  to  the  l a r g e  v a r i a t i o n s  o f  meta l  losses ,  
t h e  meta l  l o s s e s  were  a l s o  g r e a t e r  than those i n  t h e  d i l u t e  a c i d s  a t  t o  
10-2 N c o n c e n t r a t i o n .  
O p t i c a l  and scanning e l e c t r o n  m ic roscop ic  examina t ion  i n d i c a t e d  t h a t  
t h e r e  were v a r i a t i o n s  i n  morphology of wear su r faces  even under i d e n t i c a l l y  
same exper imenta l  c o n d i t i o n s .  For example, f i g u r e s  8 and 9 p r e s e n t  t h e  sur-  
f ace  morphology o f  two n i c k e l  r i d e r s  worn i n  10-1 N h y d r o c h l o r i c  a c i d  under 
i d e n t i c a l  exper imenta l  c o n d i t i o n s .  The r i d e r  p resen ted  i n  f i g u r e  8 had o n l y  
app rox ima te l y  o n e - t h i r d  t h e  meta l  l o s s  o f  t h e  r i d e r  i n  f i g u r e  9. The o p t i c a l  
photomicrographs i n  f i g u r e s  8 (a>  and 9 (a )  r e v e a l e d  l i g h t  and d a r k  r e g i o n s  i n  
the  wear sca rs ,  b u t  t h e  p r o p o r t i o n  of l i g h t  r e g i o n  i s  l e s s  i n  f i g u r e  8(a )  
which had l e s s  meta l  loss.  The l i g h t  r e g i o n s  were r e l a t i v e l y  smoother than  
t h e  da rk  r e g i o n s  i n  t h e  wear sca rs .  A c a r e f u l  examina t ion  o f  t h e  scann ing  
e l e c t r o n  micrographs o f  these r e g i o n s  r e v e a l s  t h a t  p l a s t i c  flow o c c u r s  i n  the  
l i g h t  r e g i o n s  and e x t e n s i v e  c o r r o s i o n  and severe mechanica l  wear occu rs  i n  t h e  
da rk  r e g i o n s  w i t h  repea ted  s l i d i n g .  
F i g u r e  8(b)  shows b o t h  p l a s t i c a l l y  deformed a r e a  and cor roded area .  F ig -  
u r e  8 (c )  a l s o  r e v e a l s  e x t e n s i v e  c o r r o s i o n  i n  t h e  wear sca r .  
F i g u r e  9(b)  r e v e a l s  t h a t  p l a s t i c  flow, observed i n  t h e  r e g i o n  near  t h e  
c e n t e r  o f  t h e  wear sca r ,  occu rs  i n  t h e  n i c k e l .  F i g u r e  9(c )  shows t h a t  t h e  
l i g h t  r i m  i n s i d e  t h e  wear a rea  was r e l a t i v e l y  v e r y  smooth. I t  was s i m i l a r  t o  
t h e  wear s u r f a c e  o f  t h e  n i c k e l  worn i n  10-3 N h y d r o c h l o r i c  a c i d .  F i g u r e  9(d> 
r e v e a l s  ev idence o f  wear damages, which were genera ted  a t  l o c a l  spo ts .  Shear 
f r a c t u r e  occurs  a t  v e r y  l o c a l  areas i n  t h e  n i c k e l  d u r i n g  repea ted  s l i d i n g .  
A l though t h e  n i c k e l  specimen was c leaned w i t h  e t h y l  a l c o h o l  and d r i e d  
a f t e r  t h e  wear exper iment ,  t h e r e  w e r e  some wear d e b r i s  p a r t i c l e s  and o x i d e  
depos i t s  on the  n i c k e l  su r faces .  For  example, f i g u r e  9 (e>  i l l u s t r a t e s  a 
d e t a i l e d  examinat ion  o f  the  o x i d e  wear d e b r i s  (submicrometer  to  mic rometers  i n  
s i z e )  depos i ted  a t  t he  edge o f  t h e  wear sca r .  F i g u r e  9(e)  a l s o  r e v e a l s  t h a t  
p l a s t i c  f low occurs  i n  the  wear scar  i n  t h e  n i c k e l  and t h e  n i c k e l  o u t s i d e  the  
wear scar  appears t o  be l i g h t l y  a t t a c k e d  by c o r r o s i o n .  The l i g h t l y  cor roded 
su r face  o u t s i d e  the  wear scar  con ta ined  e t c h  p i t s  and grooves.  The e l a s t i c  
and p l a s t i c  s t r a i n  energy a t  r e g i o n s  o f  s u r f a c e  damage such as sc ra tches  pro-  
duced d u r i n g  mechanical p o l i s h i n g  w i t h  diamond powder can cause chemical  a t t a c k  
d u r i n g  the  wear -cor ros ion  process.  The e t c h  p i t s  and grooves cor respond t o  
d e f e c t s  developed d u r i n g  t h e  mechanical p o l i s h i n g  process.  
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The v a r i a t i o n  i n  morphology o f  wear s u r f a c e s  and t h e  amount of l o s s  o f  
n i c k e l  a t  a c i d  c o n c e n t r a t i o n s  r a n g i n g  from lo- ’  to  12.1 N may be a s s o c i a t e d  
w i t h  the  well-known s e n s i t i v i t y  o f  t h e  c o r r o s i o n  r a t e  o f  n i c k e l  to  d i s s o l v e d  
oxygen i n  h y d r o c h l o r i c  a c i d .  C o r r o s i o n  and wear o f  n i c k e l  i n  h y d r o c h l o r i c  
a c i d  a r e  s e n s i t i v e  t o  t h e  amount o f  a e r a t i o n  ( r e f .  20) .  When c o r r o s i o n  domi- 
na tes  i n  the  wear -cor ros ion  process,  n i c k e l  loss and c o e f f i c i e n t  o f  f r i c t i o n  
a r e  low. On t h e  o t h e r  hand, when mechanica l  wear dominates i n  t h e  wear- 
c o r r o s i o n  process,  n i c k e l  l o s s  and c o e f f i c i e n t  o f  f r i c t i o n  a r e  h i g h .  
The c o e f f i c i e n t  o f  f r i c t i o n  was s l i g h t l y  i nc reased  w i t h  i n c r e a s i n g  t h e  
a c i d  c o n c e n t r a t i o n  t o  10-2 N ( f i g .  7 ( b ) ) .  
wear -cor ros ion  process ,  t h e  c o e f f i c i e n t  o f  f r i c t i o n  s t a r t e d  to  decrease i n  t h e  
h y d r o c h l o r i c  a c i d  a t  10-1 N and above. 
When c o r r o s i o n  dominated i n  t h e  
CONCLUSIONS 
The f o l l o w i n g  conc lus ions  were drawn from t h e  d a t a  p resen ted  h e r e i n  on 
t h e  t r i b o l o g i c a l  c h a r a c t e r i s t i c s  o f  i r o n  and n i c k e l  i n  s u l f u r i c  a c i d ,  hydro-  
c h l o r i c  a c i d ,  and water .  
The c o n c e n t r a t i o n  o f  a c i d  i s  an i m p o r t a n t  f a c t o r  i n  c o n t r o l l i n g  t h e  meta l  
l o s s  caused by  wear -cor ros ion  processes i n  s u l f u r i c  a c i d  and i n  h y d r o c h l o r i c  
a c i d .  
A t  v e r y  d i l u t e  a c i d  c o n c e n t r a t i o n  N ) ,  i r o n  behaves d i f f e r e n t l y  than 
n i c k e l .  I r o n  develops a soft, f r i a b l e  d e p o s i t ,  w h i l e  n i c k e l  develops no co r ro -  
s i o n  l a y e r .  The f o r m a t i o n  and removal o f  t h e  c o r r o s i o n  d e p o s i t  on i r o n  
r e s u l t e d  i n  h i g h  meta l  l o s s  and c o e f f i c i e n t  o f  f r i c t i o n ,  as compared t o  t h e  
r e l a t i v e l y  low meta l  loss and c o e f f i c i e n t  o f  f r i c t i o n  observed for n i c k e l .  
duc ts  w e r e  b u i l t  up on b o t h  i r o n  and n i c k e l .  I r o n  and n i c k e l  l o s s  were gener- 
a l l y  a t  a minimum. 
A t  h i g h e r  a c i d  c o n c e n t r a t i o n s  (10-l N or above), loss o f  me ta l s  i nc reased  
as t h e  a c i d  c o n c e n t r a t i o n  inc reased.  I n  s u l f u r i c  a c i d  the  maximum loss of  
b o t h  i r o n  and n i c k e l  was a t  7 . 5  N (30 p e r c e n t )  c o n c e n t r a t i o n ,  and t h e  l o s s  o f  
i r o n  and n i c k e l  dropped marked ly  a t  15 N (50 p e r c e n t )  and above. I n  hydroch lo -  
r i c  a c i d ,  however, t h e  i r o n  loss con t inued  t o  inc rease  w i t h  t h e  i n c r e a s e  i n  
a c i d  c o n c e n t r a t i o n  and t h e  maximum i r o n  loss o c c u r r e d  i n  t h e  most concen t ra ted  
a c i d  (12.1 N ,  37 p e r c e n t ) .  A l though  t h e  n i c k e l  loss inc reased  w i t h  t h e  
i n c r e a s e  i n  h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n ,  t h e  v a r i a t i o n  i n  meta l  loss from 
specimen t o  specimen a l s o  i nc reased  w i t h  t h e  n i c k e l  examined i n  concen t ra ted  
h y d r o c h l o r i c  a c i d s  (10-1 N and above). 
A t  s l i g h t l y  h i g h e r  a c i d  c o n c e n t r a t i o n  (10-3 and N ) ,  no c o r r o s i o n  pro-  
The c o e f f i c i e n t  o f  f r i c t i o n  for  i r o n  decreased w i t h  an i n c r e a s e  i n  concen- 
t r a t i o n  o f  b o t h  s u l f u r i c  a c i d  and h y d r o c h l o r i c  a c i d .  
t i o n  f o r  n i c k e l  s l i g h t l y  i nc reased  w i t h  i n c r e a s i n g  t h e  a c i d  c o n c e n t r a t i o n  up 
to  N .  When c o r r o s i o n  s t a r t e d  t o  dominate i n  t h e  wear -cor ros ion  process,  
t h e  c o e f f i c i e n t  o f  f r i c t i o n  decreased i n  b o t h  s u l f u r i c  a c i d  and h y d r o c h l o r i c  
a c i d  a t  10-1 N and above. 
The c o e f f i c i e n t  o f  f r i c -  
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FIGURE 1. - FRICTION AND WEAR APPARATUS. 
-Holder for r ider 
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(clamps cup to j iq) -// Reciprocating motion of 
4-w cup under stationary tip 
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FIGURE 3.  - WEAR AND COEFFICIENT OF FRICTION 
FOR IRON AS FUNCTION OF SULFURIC ACID 
CONCENTRATION. 
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FIGURE 4. - WEAR AND COEFFICIENT OF FRICTION 
FOR NICKEL AS FUNCTION OF SULFURIC ACID 
CONCENTRATION. 
13 
1 4 0 ~ 1 0 - ~  
120 0 
CL 
20 40h,,y WEAR I N  WATER , 0 
(A )  WEAR VOLUME. 
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FIGURE 5.  - WEAR AND COEFFIC IENT OF F R I C T I O N  
FOR IRON AS FUIYCTION OF HYDROCHLORIC ACID 
CONCENTRATION. 
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( A )  WEAR SCAR. ( B )  FRACTURE SURFACE. 
(C)  REGION OUTSIDE WEAR AREA. (D)  REGION OUTSIDE WEAR AREA AND SMOOTH WEAR 
AREA. 
FIGURE 6 .  - AN OPTICAL PHOTOMICROGRAPH AND SCANNING ELECTRON PHOTOMICROGRAPHS OF A WEAR SCAR AND 
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FIGURE 7. - WEAR AND COEFFICIENT OF FRICTION 
FOR NICKEL AS FUNCTION OF HYDROCHLORIC 
ACID CONCENTRATION. 
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( A )  WEAR SCAR. 
(B) PLASTICALLY DEFORMED AREA AND CORRODED 
AREA, 
( C )  CORRODED AREA. 
FIGURE 8. - AN OPTICAL PHOTOMICROGRAPH AND SCANNING ELECTRON PHOTOMICROGRAPHS OF A WEAR SCAR ON 
NICKEL I N  0.1 N HYDROCHLORIC ACID.  
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(A)  WEAR SCAR. 
(B)  PLASTICALLY DEFORMED WEAR SURFACE. ( C )  EXTREMELY SMOOTH WEAR SURFACE. 
(D)  SEVERE WEAR DAMAGE. ( E )  WEAR DEBRIS 
FIGURE 9.  - AN OPTICAL PHOTOMICROGRAPH AND SCANNING ELECTRON PHOTOMICROGRAPHS OF A WEAR SCAR AND 
SURROUNDINGS ON NICKEL I N  0.1 N HYDROCHLORIC ACID.  
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6. Abstract 
An i n v e s t i g a t i o n  was conducted t o  examine t h e  f r i c t i o n  and wear b e h a v i o r  of  i r o n  and n i c k e l  s l i d i n g  
on aluminum o x i d e  i n  ae ra ted  s u l f u r i c  a c i d  and h y d r o c h l o r i c  a c i d .  The r e s u l t s  i n d i c a t e  t h a t  t h e  
c o n c e n t r a t i o n  o f  a c i d  i s  an i m p o r t a n t  f a c t o r  i n  c o n t r o l l i n g  t h e  me ta l  l o s s  caused by wear -co r ros ion  
processes i n  t h e  a c i d s .  A t  v e r y  d i l u t e  a c i d  c o n c e n t r a t i o n  ( l o m 4  N ) ,  i r o n  behaves d i f f e r e n t l y  t han  
n i c k e l .  I r o n  deve lops  a s o f t ,  f r i a b l e  d e p o s i t ,  w h i l e  n i c k e l  deve lops  no c o r r o s i o n  l a y e r .  The f o r -  
ma t ion  and removal o f  t h e  c o r r o s i o n  d e p o s i t  on i r o n  r e s u l t e d  i n  h i g h  me ta l  l o s s  and c o e f f i c i e n t  o f  
f r i c t i o n ,  as compared t o  t h e  r e l a t i v e l y  l o w  meta l  1 ss and c e f f i c i e n t  o f  f r i c t i o n  observed f o r  
n i c k e l .  
duced on b o t h  i r o n  and n i c k e l .  Wear o f  i r o n  and n i c k e l  was g e n e r a l l y  a t  a minimum. A t  h i g h e r  a c i d  
c o n c e n t r a t i o n  (10-1 N and above),  l o s s  o f  i r o n  and n i c k e l  i nc reased  as t h e  a c i d  c o n c e n t r a t i o n  
inc reased.  I n  s u l f u r i c  a c i d  t h e  maximum l o s s  o f  b o t h  i r o n  and n i c k e l  was a t  7.5 N (30 p e r c e n t )  con- 
c e n t r a t i o n ,  and t h e  meta l  l o s s e s  o f  b o t h  i r o n  and n i c k e l  dropped marked ly  a t  15 N (50 p e r c e n t )  and 
above. I n  h y d r o c h l o r i c  a c i d ,  however, t h e  i r o n  l o s s  con t inued  t o  i n c r e a s e  w i t h  t h e  i n c r e a s e  o f  
a c i d  c o n c e n t r a t i o n ,  and t h e  maximum i r o n  loss occur red  i n  t h e  most concen t ra ted  a c i d  (12 .1  N, 
37 p e r c e n t ) .  There were v a r i a t i o  s i n  loss  w i t h  n i c k e l  f rom specimen t o  specimen examined i n  con- 
c e n t r a t e d  h y d r o c h l o r i c  a c i d s  (IO-? N and above).  The coe f i c i e n t  o f  f r i c t i o n  f o r  n i c k e l  i nc reased  
s l i g h t l y  w i t h  an i nc rease  i n  a c i d  c o n c e n t r a t i o n  up t o  lo-' N. When c o r r o s i o n  s t a r t e d  t o  dominate i n  
t h e  wear-cor o s i o n  process ,  t h e  c o e f f i c i e n t  o f  f r i c t i o n  decreased i n  b o t h  s u l f u r i c  and h y d r o c h l o r i c  
a c i d s  a t  IO-! N and above. 
A t  s l i g h t l y  h i g h e r  a c i d  c o n c e n t r a t i o n  ( I d  and N ) ,  no c o r r o s i o n  p r o d u c t s  were pro- 
